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ABSTRACT: An ultra-compact isolator based on the integration of aluminum-substituted cobalt ferrite films with magneto-optical activity
to a silicon microring resonator is suggested. The strong remanent magnetization of the employed magneto-optical material allows the
operation of the device without any external magnetizing elements, and the device footprint is only 150 um?. A prototype chip has been
fabricated using conventional processes compatible with the silicon on an insulator platform, and a maximum isolation ratio of 7 dB at
the 1557.6 nm wavelength has been achieved. To the best of our knowledge, this is the most compact photonic isolator demonstrated to
date, and it is suitable for all-optical circuits with extremely high integration density.

1. INTRODUCTION

solators are nonreciprocal components that provide protec-

tion against back-reflected light arising from unmatched
loads in photonic integrated circuits (PICs). These parasitic
reflections have the potential to disturb the stable operation
of signal sources, such as semiconductor lasers, and, in the
worst-case scenario, to damage the most sensitive components
of the circuit [1-5].

The nonreciprocal features of isolators are often related to
the time-reversal symmetry breaking provided by the utiliza-
tion of magneto-optical (MO) materials in their designs. How-
ever, typical MO materials display useful activity only when the
magnetization is saturated by external magnets [6-9]. In addi-
tion, TE polarized light is often dominant and easier to achieve
in conventional semiconductor lasers [10—13], while current in-
tegration techniques of MO materials to silicon on insulator
(SOI) substrates favor the design of nonreciprocal devices op-
erating with TM modes [14-16].

For example, TM-mode isolators operating at the 1550 nm
wavelength are suggested in [17, 18]. These devices consist of a
SOI microring resonator (MRR) bonded to a MO layer made of
a cerium-substituted yttrium iron garnet (Ce:YIG). The magne-
tization of the Ce: YIG thin film is saturated by a gold microstrip
coil in these components, and their footprints are in the range
of a few thousand square micrometers.

A TE-mode optical isolator for operation at the 1550 nm
wavelength is proposed in [19]. This device consists of an
asymmetric SOI ring resonator onto which a Ce:YIG layer is
integrated by a wafer bonding technique. The resonator dis-
plays nonreciprocal phase shift (NRPS) for TM modes, and two
built-in TE-TM polarization rotators enable the isolation for TE
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modes. The device operates under an unidirectional magnetic
field, and its footprint is estimated to be 130,000 pum?.

The requirement for external magnets in the isolator designs
presented in [17-19] does not favor compactness and intro-
duces packaging issues, since such elements are usually cum-
bersome. Furthermore, electromagnets present additional chal-
lenges for the operation of photonic isolators, such as wave-
length detuning caused by Joule heating.

Regarding the isolator designs proposed in [17—19], the need
for polarization rotators with a view to their utilization in
conjunction with semiconductor lasers supporting TE modes,
as well as the lower confinement of TM modes in dielectric
waveguides (in comparison to TE modes), also compromises
further miniaturization of these devices.

Additionally, the remaining thick (Ca, Mg, Zr)-substituted
gadolinium gallium garnet (SGGG) substrates on which
Ce:YIG films are grown pose additional challenges in the
isolator designs suggested in [17-19]. In the cases presented
in [17,18], additional polishing processes are required in
order to thin down the SGGG substrates and to reduce the
distance between the MRR and electromagnet structures. On
the other hand, the SGGG layer of the isolator presented
in [19] is neither thinned nor removed, which hinders further
downsizing of the component.

In this paper, we present a novel isolator for operation with
TE modes at the 1550 nm wavelength whose footprint is only
150 um?, the smallest already reported for a photonic isola-
tor. The proposed device is two to three orders of magnitude
smaller than the designs presented in [17-19], and its ultra-
compact size is mainly due to the utilization of thin films made
of an aluminum-substituted cobalt ferrite with molecular for-
mula CoAly 57Fe; 4304 (CAFO), which display high MO ac-
tivity even without any bias magnets.
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FIGURE 1. Schematic of the bias-free photonic isolator: (a) perspective view and (b) cross-section view.

Despite also employing CAFO thin films as MO media, the
TM-mode isolator proposed in [20] has a much larger footprint
(3,053 um?). Specifically, the lower optical confinement of TM
modes requires structures with larger bending radius, and as
a consequence, further footprint reduction is very difficult to
achieve in this case.

The native operation of the proposed isolator with TE modes
(without the need for polarization rotators), as well as the mono-
lithic integration of the MO film to the isolator structure with no
remaining thick substrates, also contributed to the small device
footprint.

2. ISOLATOR DESIGN AND OPERATING PRINCIPLE

The suggested bias-free photonic isolator is based on a SOI sub-
strate in which an MRR and a bus waveguide are patterned. The
entire structure is covered by a silica (SiO2) overcladding con-
taining a window for the deposition of a 200 nm-thick CAFO
film, as schematically shown in Figure 1. The bias-free oper-
ation of the device, that is, without any external magnets, is
ensured by the strong remanent magnetization of the deposited
CAFO thin film. A comprehensive study of the MO properties
of CAFO thin films, including measurements of material loss
and hysteresis loops, is presented in [20].

The deposition of the CAFO thin film is assisted by a pre-
deposited 20 nm-thick magnesium oxide (MgO) buffer layer.
The MgO layer reduces the lattice mismatch between the CAFO
film and the Si substrate, and allows the deposition of highly
oriented CAFO films with lower losses [20, 21].

The cross-section dimensions of the MRR are 480 nm X
220 nm, while those of the bus waveguide are 400nm x
220nm. The radius of the ring resonator is 5 um, and it
supports two counter-rotating TE modes around the 1550 nm
wavelength whose degeneracy is removed due to the NRPS
effect induced by the deposited CAFO thin film. By operating
at one of the MRR resonant wavelengths, isolation for TE
modes is attainable.

Temporal coupled-mode theory (TCMT) equations can be
used to analyze the device operation. For instance, the TCMT
methodology for nonreciprocal devices described in [2] al-
lows one to derive formulas for calculation of the S-parameters
S21(w) and S12(w). A device analysis based on TCMT is pre-
sented in Appendix A.

Preliminary computational simulations of the device consid-
ering a typical straight bus waveguide demonstrated that the gap
(g9) between the bus waveguide and MRR should be 15nm to
maximize the isolation ratio (IR) of the proposed design. How-
ever, such small gap would not be feasible, considering the lim-
itations on the available fabrication methods.

In order to enable the fabrication of the device and to com-
pensate the lower coupling between the bus waveguide and
MRR as a result of a larger gap, a racetrack resonator could
be considered, but at the expense of a larger device footprint
and narrower free spectral range (FSR). Alternatively, we have
designed a waveguide bend with bending angle € in order to
address this issue with no further increase in the device foot-
print. A parametric optimization has been carried out to define
the values of § and ¢ that would maximize the device IR level,
resulting in § = 85° and g = 220 nm.
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FIGURE 2. S-parameters of the isolator obtained from computational
simulations.
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FIGURE 3. H, distribution at the 1538.9 nm wavelength for input signals applied to (a) port 1 and (b) port 2.

It should be noted that both CAFO and other MO materi-
als, such as Ce:YIG, can induce the NRPS effect required for
the operation of MRR-based photonic isolators. However, the
attractive features of CAFO thin films, such as their strong re-
manent magnetization and straightforward integration onto SOI
substrates via sputtering techniques, make them more suitable
for developing photonic isolators with a smaller footprint, sim-
pler operation, and easier fabrication.

3. COMPUTATIONAL SIMULATIONS

Three-dimensional computational simulations of the isolator
design have been performed with the full-wave electromagnetic
solver CST Studio Suite, with a view to confirm the device fea-
sibility and to obtain the best design in terms of IR and insertion
loss (IL) levels.

We have considered in our computational simulations that
the refractive indexes of Si, SiO2, and MgO are equal to 3.46,
1.45, and 1.72, in that order [22—24]. In addition, the refractive
index, extinction coefficient, and Faraday rotation coefficient
of the CAFO material in our numerical calculations are equal
to 2.4, 0.014, and 22,000 deg/cm, respectively [20, 25].

The calculated S-parameters S2;(A) and S12(\) are shown
in Figure 2.

At the 1538.9 nm wavelength, the IL and IR levels are 5.6 dB
and 39.8 dB, respectively, with a wavelength splitting (A\)
equal to 0.32 nm. In addition, the calculated FSR of the MRR is
approximately 18.5 nm and the device bandwidth around each
of the MRR resonant wavelengths, defined at the 10dB IR
level, is 23 GHz.

The H, component profile at the 1538.9 nm wavelength is
presented in Figure 3. One can verify from Figure 3(a) that an
input signal applied to port 1 is transmitted to port 2, since the
coupling between the input signal and MRR modes is weak in
this situation. On the other hand, as illustrated in Figure 3(b),
an input signal applied to port 2 is strongly coupled to the clock-
wise rotating mode of the MRR at this wavelength, resulting in
high isolation of port 1. The SiO5 overcladding is omitted in
Figure 3 for better visualization of the field profiles within the
component.

79

4. DEVICE FABRICATION

The fabrication process flow of the isolator is presented in Fig-
ure 4. A SOI wafer consisting of Si (220 nm)/SiO/Si layers
with pre-deposited SiO, mask layer was used in the fabrication
of the prototype chip.

Firstly, the SOI wafer was coated with ZEP520A electron
beam (EB) resist, and an EB lithography (EBL) step has been
performed in order to pattern the resist. Subsequently, the SiO»
mask layer and 220 nm-thick Si layer have been patterned by re-
active ion etching (RIE) in CF, and SF¢ plasmas, respectively.
An HF solution has been used to remove the remaining SiO-
mask layer and to complete the patterning of the isolator struc-
ture.

After that, we have employed plasma-enhanced chemical va-
por deposition (PECVD) to deposit a 1 pum-thick SiO5 cladding
over the patterned wafer. A window for the deposition of the
CAFO thin film was etched in the overcladding by maskless
photolithography (PL) with AZ5218E resist and RIE in CF4
plasma. Finally, a 20 nm-thick MgO buffer layer and a 200 nm-
thick CAFO thin film have been deposited inside the window by
RF magnetron sputtering, following the procedures described
in [20].

A top view of the fabricated chip obtained by optical mi-
croscopy and a perspective view captured using scanning elec-
tron microscopy (SEM) are shown in Figures 5 and 6, respec-
tively. These images together provide a clear overview of the
key elements of the device.

5. DEVICE CHARACTERIZATION

The transmittance spectrum of the device has been measured by
coupling TE-polarized light from lensed fibers into both sides
of the Si bus waveguide, in order to measure the device trans-
mittance both in the forward and backward propagation direc-
tions. We have adopted an end-fire coupling scheme assisted
by an auto-alignment system, and a dicing saw has been used
to create the facets for the fiber-chip-fiber coupling [26].

In addition, prior to the transmittance measurements, each
of the chip pieces has been magnetized for about 1 minute by
an electromagnet producing an out-of-plane magnetic field of
15kOe, in order to saturate the magnetization of the CAFO
thin film. The remanent magnetization of CAFO promotes the
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FIGURE 4. Fabrication steps of the bias-free photonic isolator.
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FIGURE 5. Top view of the fabricated chip obtained by optical mi- FIGURE 6. SEM perspective view of the fabricated chip.
croscopy (before CAFO deposition).

wavelength splitting between the MRR counter-rotating reso- 1557.6 nm wavelength, the IL and IR levels are 7.2 dB and
nances and ensures the bias-free operation of the device. 7dB, respectively. The resonator FSR is approximately

The measured transmittance spectrum for TE modes is 18.2nm, and the A\ parameter is 0.39nm. One must high-
shown in Figure 7 for both propagation directions. At the light that the transmittance spectrum presented in Figure 7

corresponds to the sample with the highest IR level among the
; several samples contained in the prototype chip.

IL=72 dB\ LV A
= 43 |
g 6. DISCUSSION

2 -52 + | —Forward 4
£ — Backward The results obtained from computational simulations and ex-
% -56 M IR =7dB 1 perimental measurements are summarized in Table 1 for com-
& AL 039 1 parison purposes. Although the simulated and experimental re-
-60 ' ™~ | sults show good agreement for the A\, FSR, and IL parame-
© ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ters, the IR level of the fabricated isolator is significantly lower
1553 1554 1555 1556 1557 1558 1559 1560 1561 1562 than the value predicted by device simulations. This difference
Wavelength (nm) is likely related to the high absorption losses of the deposited
FIGURE 7. Transmittance spectrum of the fabricated isolator. CﬁFO thin film and to structural imperfections of the fabricated

chip.
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TABLE 1. Simulated and experimental results.

Data AX(nm) FSR(nm) IL(dB) IR (dB)
Simulation 0.32 18.5 5.6 39.8
Experimental 0.39 18.2 7.2 7

At the 1550 nm wavelength, the absorption losses of CAFO,
of the order of dB/um [20], are much larger than those of
Ce:YIG, which are of the order of dB/cm [17]. In general, the
higher the loss is, the higher the overlap is between the reso-
nances of the MO MRR structure and the lower the IR level
is.

However, the Faraday rotation coefficient of Ce:YIG is much
smaller at the 1550 nm wavelength (about 4,500 deg/cm) [17].
In addition, the thick SGGG substrates on which Ce:YIG thin
films are grown occupy a relatively large area and require ad-
ditional post-bonding fabrication processes, while CAFO thin
films can be directly deposited on SOI substrates using buffer
layers (e.g., MgO or ZnO) [20], resulting in a smaller device
footprint and reducing fabrication complexity. Finally, Ce:YIG
films, unlike CAFO films, require external magnets to exhibit
significant MO activity.

Therefore, there is a trade-off between using Ce:Y1G and us-
ing CAFO thin films in the design of nonreciprocal photonic
devices. We have chosen CAFO material because it would en-
able a more compact and easier-to-fabricate isolator design.

As for the isolator fabrication, the alignment of the window
etched in the SiO9 overcladding with the MRR is very chal-
lenging, and small deviations can reduce the magnitude of the
NRPS effect. In addition, surface roughness of the Si elements
causes unwanted scattering of light, resulting in performance
degradation [27,28].

Although it does not achieve an IR level in the range of
20 to 30 dB, as the isolators presented in [17—19] do, the sug-
gested isolator is two to three orders of magnitude more com-
pact. Besides, further improvements in the quality of CAFO
thin films through elemental substitution [29] and the use of
different buffer layers [30], as well as the optimization of the
fabrication process conditions, can potentially enhance device
performance.

Some questions not addressed in this paper, such as temper-
ature dependence of CAFO properties and long-term stability
of the proposed device, could be explored in future research.

7. CONCLUSION

In summary, a new TE-mode photonic isolator based on the
monolithic integration of CAFO thin films to a silicon MRR
structure has been demonstrated. By making use of fabrication
processes compatible with the SOI platform, we have fabricated
a prototype chip with a measured isolation ratio of 7 dB at the
1557.6 nm wavelength.

The bias-free operation of the suggested photonic isolator is
made possible by the high remanent magnetization of the de-
posited CAFO film. The elimination of the bias magnet, the
native operation with TE modes (with no need for polarization
rotators), and the monolithic integration of the CAFO layer with
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no remaining substrates enabled a simpler isolator design with
reduced footprint.

Compared to conventional isolator designs, in which exter-
nal magnets are required, the footprint of the proposed photonic
isolator (approximately 150 um?) is two to three orders of mag-
nitude smaller. As far as we know, this is the most compact iso-
lator demonstrated to date, and large-scale photonic integrated
circuits can benefit from it.
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APPENDIX A. TCMT-BASED ANALYSIS OF THE DE-
VICE
The TCMT methodology presented in [2] can be used to ob-

tain the following formulas for the calculation of the device S-
parameters Sz (w) and Sy2(w):

T+
Jw—wi) + 94 + it

Y-
Jw—w_)+y- + 73—

So1(w) = 1—

(A1)

Slg(w) =1- (AZ)

where parameters w4, v+, and ;4 are the resonant frequency,
the decay rate due to waveguide coupling, and the decay rate
due to intrinsic losses of the counterclockwise (+) and clock-
wise (—) MRR rotating modes.

The main benefit of devising a TCMT model of a given de-
vice is the possibility of relating the TCMT parameters to the
device’s geometric/material characteristics. For example, one
can derive from (Al) and (A2) that, at w = w_, Sy tends
to zero given that y_ > ~;_, while Sy; tends to one given
that v+ > 7,4 and |wy — w_| > 0. In this case, the condi-
tion v+ > ;4 can be met by tuning the gap between the bus
waveguide and the MRR (to increase y.) or by using materi-
als with low absorption losses (to decrease 7;+). On the other
hand, the utilization of MO materials with high Faraday rota-
tion coefficient is a potential way to ensure that the condition
|wy — w_| > 0 is satisfied [2]. Similar analysis can be per-
formed considering operation at the resonant frequency w .

In addition, a comparison between the device S-parameters
obtained from computational simulations and those obtained
from Equations (A1) and (A2) is given in Figure Al.

In Figure A1, we have considered the following values of
the TCMT parameters: v, = v_ = 4.5 x 10 rad/s, v;, =
~vie = 2 x 10%rad/s, w_ = 1.224027 x 10'° rad/s, and
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FIGURE A1. S-parameters of the isolator obtained from CST Studio
Suite and TCMT formulas.

wy = 1.224284x 105 rad/s. These values have been estimated
by manual fitting of the simulation data, and a good agreement
between the TCMT and simulation results can be observed.
By performing the fitting process, a deeper understanding of
how design parameters influence device performance can be
acquired.
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